Abstract: Cecropin X is a short cationic peptide with a broad antibacterial and antitumor spectrum. Here, we report the production of a tumor necrosis factor (TNFα)-cecropin X fusion protein under the control of a temperature-inducible P R promoter in the bacterial expression vector pRC. During fermentation, we studied and optimized essential parameters including the type of host cells, medium, timing of induction, post-induction time and dissolved oxygen level. Using the suitable conditions in the fermentation, up to 20 % ~ 23 % of the total cellular proteins is produced as the fusion protein, mostly in the form of inclusion bodies. After washing, on average about 5.27 g dried inclusion bodies could be collected from 1 L broth and the purity of inclusion bodies reached 80 %. Cecropin X obtained by cleaving the fusion protein with cyanogen bromide showed remarkable tumorcidal activity against mouse Lewis lung carcinoma 3LL in vivo.
Introduction
Cecropins are antibacterial peptides produced by insects in response to bacterial infection [1, 2] . Cecropin CMIV, which was isolated from Chinese silkworm moth, is an amphipathic peptide of 35 amino acid residues with an amidated C-terminus and is absent of methionine and cysteine [3] . It was initially discovered due to its role in innate immunity and, in particular, its ability to lyse bacteria. However, like other antibacterial peptides, it displays a wide range of biological activities. Zhang's group had showed that cecropin CMIV could kill bacteria, tumors and fungi without being toxic to mammalian cells [4, 5] .
Although cecropin CMIV can be separated from silkworm moth, its native concentration is very low. To elucidate the biological function(s) of cecropin CMIV further, it is necessary to produce enough cecropin CMIV through DNA recombinant techniques. The expression of heterologous proteins in Escherichia coli is by far the simplest and most inexpensive means to produce large amounts of such products of interest.
Considering the importance of the amidated C-terminus for the antibacterial activity and the lack of amidation in E. coli [6, 7] , the cDNA encoding cecropin X -a mutant CMIV, with an asparigine residue located at the C-terminus of the peptide, was synthesized in our laboratory [8] . Then, two methods were described for the production of cecropin X. In the first method, the cDNA was cloned into the fusion expression vector pEZZ318 and the fusion protein was expressed in E. coli HB101 [9] . As expected, the purified cecropin X exhibited wide spectral antibacterial and tumorcidal activities without killing normal eukaryotic cells in vitro [10] as cecropin CMIV did. The results made the production of cecropin X using prokaryotic system possible. However, the yield of cecropin X from this system was too low to meet the demands of further research.
In the second method, the cDNA of cecropin X was fused to the 3'-terminus of the mutated tumor necrosis factor b (TNFb) gene, which was directly under the control of an inducible T7 promoter in pET-11d vector. A high expression level of the fusion protein was achieved in flask [11] . Unfortunately, when the system was scaled up, the recombinant pET plasmid exhibited apparent segregational instability and the productivity in a bioreactor was significantly affected. This problem may stem from the generation and accumulation of plasmid-free cells from the plasmid-harboring bacteria [12, 13] .
Therefore, a stable and high-yield system became an urgent need to provide large quantities of cecropin X for preclinical and clinical trials. In this report, we constructed the pRC/ TNFα-cecropin X bacterial expression vector, studied and optimized critical parameters during the fermentation. Using this new expression system, the TNFα-cecropin X fusion protein was overexpressed stably in the form of inclusion body and the cecropin X was obtained by cleaving the fusion protein with cyanogens bromide. The in vivo tumorcidal activities of cecropin X were evaluated.
Results and Discussion

Plasmid construction
The expression vector pRC/ TNFα-cecropin X was constructed as shown in Figure 1 . When small cationic peptides with intrinsic antibacterial activity were expressed in bacteria, the fusion protein expression system was chosen as a method to minimize toxicity to the host bacteria and susceptibility to endogenous proteolytic digestion and degradation [14] [15] [16] [17] [18] [19] [20] . Here, the plasmid pRC, with the bacteriophage λ promoter P R -a temperature-inducible promoter, was used. As previous reports [21, 22] indicate, the fusion protein's expression is controlled easily and the expression level is guaranteed. The native tumor necrosis factor (TNFα) was selected because of several advantages: (1) TNFα is a low molecular weight protein (153 amino acid residues). When used as a fusion partner, the fused protein comprises relatively large amounts of target protein; (2) Because there is no Met residue in TNFα, it allows for flexibility in the design of a specific protease digestion as well as for CNBr cleavage; (3) TNFα (PI: 6.0) has a relatively low PI than TNFb (PI: 8.25), which may be favor in the purification of cecropin X. 
Expression of TNFα-cecropin X fusion protein in the E. coli strain TG1
To assess the expression of the fusion protein, LB medium was used in culturing TG1 transformed by pRC/TNFα-cecropin X. A foreign protein was expressed, mostly in the insoluble fractions, with an apparent molecular weight of 21.0 kDa. CNBr digested a small portion of foreign protein and the concentrated supernatant fraction after dialysis showed obvious antibacterial activity against E. coli K12D31. To maximize the yield of cecropin X, there was a need to optimize the conditions of cell growth and the expression of fusion protein in batch fermentation.
Optimization of culture conditions for the overexpression of TNFα-cecropin X fusion protein in E. coli
Effect of host cells on fusion protein formation
It is well known that gene expression levels can vary significantly in different E. coli strains, even though the same expression vector is used [23, 24] . A wide variety of E. coli host strains had been used for different target genes with the pRC vector [21] . Besides TG1, we tried five other E. coli strains, DH5α, 7118, BL21, MZ-1 and BL21 (DE3), to evaluate the expression level of full-length fusion protein. The results (Figure 2) indicated that the expression level of TNFα-cecropin X displayed great variations in different host strains. In the E. coli strain BL21, up to 21.8 % of the total cellular proteins was the fusion protein, TNFα-cecropin X. Thus, BL21 was chosen as the host cell for the pRC/ TNFα-cecropin X vector in subsequent experiments. as the control; Lane 2 -Lane 7: total bacterial extracts of induced TG1, DH5α, 7118, BL21 (DE3), BL21 and MZ-1 harboring pRC/ TNFα-cecropin X, respectively.
Fermentation medium
Initially, we used LB as the growth medium for TNFα-cecropin X expression. To improve the growth characteristics of the cells in scaled-up fermentation, different media including TB, SOB and SOC (Table 1) were examined, considering the ratio of tryptone to yeast extract, salts and source of carbon. (pRC/ TNFα-cecropin X) in LB, TB, SOB and SOC medium. Lane 2, 4, 6 and 8: total bacterial extracts of induced BL21 (pRC/ TNFα-cecropin X) in LB, TB, SOB and SOC medium.
Cell growth profiles and expression levels in these media are compared in Figure 3 , which shows that an additional carbon source, whether glycerol or glucose, was beneficial for cell growth. However, in SOC medium, the expression level of the fusion protein was greatly reduced, compared to that in other media, although the cell density was higher than in other media without an additional carbon source. An evident decrease of pH values has been observed in SOC medium. The accumulation of acetic acid from the consumption of glucose might be the major reason that affected the pH of the medium and hence the expression of the fusion protein. Contrarily, the TB medium could maintain neutral pH values. Thus, for TNFα-cecropin X expression, the medium should be well buffered and provided with glycerol as additional carbon source, whereas the ratio of tryptone to yeast extract was not important.
Induction timing
In the BL21 (pRC/ TNFα-cecropin X) system, a temperature shift initiates the transcription of the fusion gene on the plasmid and represents the turning point between cell growth and fusion protein biosynthesis. To evaluate the effect of induction timing, heat-induction had been done at different stages of growth. Cell densities at the end of induction and expression level of fusion protein were compared (Supplemental Table 1 ). The expression level of fusion protein reached the highest when bacterial were induced at the 4 th hour, in the middle stage of exponential growth. Hence, induction at the middle stage of exponential growth was adopted.
Post-induction time
The optimal induction time was determined by analyzing samples taken at regular time after induction. The cell densities at the end of induction and expression level of fusion protein were compared (Supplemental Table 1 ). The expression level of fusion protein reached the highest after 3 hours of induction, where the highest cell density reached after 5 hours of induction. Thus, 5 hours induction was chosen for sequent experiments.
Effect of aeration
During fermentation, the dissolved oxygen level usually affects cell growth and expression of foreign proteins. For flask cultures, medium volume could affect dissolved oxygen level [25, 26] . To evaluate the effect of aeration on fermentation in flask, culture was carried out in 500 ml flasks and the media volume was chosen as 50, 100, 150, 200, 250 and 300 ml, respectively. Cell densities at the end of induction and expression level of the fusion protein were compared (Supplemental Table 1 ). It is clear that the cell density decreased gradually with the increase of culture volume, whereas the expression level changed less. Based on almost identical expression levels, the results indicated that the higher aeration, the higher yield of fusion protein during fermentation.
Batch fermentation in a 30 l fermentor
To confirm our results from the above experiments and to obtain large quantities of fusion protein, we performed fermentation in a 30 l fermentor with a 20 l working volume. During the batch fermentation, E. coli BL21 was chosen as the host cell, TB was the culture medium, induction was done at the middle stage of exponential growth and 5 hours was selected as the post-induction time. After testing, we found that the effect of aeration in batch fermentation was consistent with that in flask. It led us to choose the rate of air supply and agitation as high as possible. Therefore, air was supplied at a rate of 12 l/min and the agitation rate was set at 400 rpm under this scale. The profiles of cell growth, pH and expression level of fusion protein are shown in Figure 4 and Table 2 . After the cell pellet was collected, inclusion bodies were recovered and cecropin X was purified according to the method described in section 4.5. At the end of washing, about 5.27 g dried inclusion bodies could be collected from one liter broth and the purity reached 80 % (Figure 4, Lane 7) . The purification process of cecropin X was summarized in Table 3 . On average, about 100 mg cecropin X was recovered from one liter broth and the purity was 98 %. We could obtain adequate amount of cecropin X from this scale of fermentation to meet the demand of future preclinical experiments, despite that the recovery yield was only 13 %. This represents a significant improvement in the expression and volumetric productivity of cecropin X in E. coli. 
RP-HPLC analysis of cecropin X
Purified cecropin X was analyzed by RP-HPLC ( Figure 5 ). It was eluted as a single peak with 98 % purity (estimated from percentage of total peak area). The retention time was about 15 min. Mass spectrometry (3876 Da), isoelectric focusing (10.5-11.0), C-(I-N) and N-(R-W-K-I-F-K-K-I-E-K) terminal sequencing, and amino acid composition analysis (data not shown) have analyzed the cecropin X with this purity, the measured results were all coincident with the theoretical values. Figure 5 . RP-HPLC analysis of purified cecropin X from batch fermentation.
Assay of biological activity
As cecropin X had been shown to inhibit the growth of almost all kinds of cancer cells that we had screened in vitro (data not shown), the next step is to investigate its biological activity in vivo. We used Mouse Lewis lung carcinoma 3LL model to determine the efficacy of cecropin X purified from batch fermentation. During the test, normal saline was used as the negative control; a commonly used chemotherapy drug -Cyclophosphamide (CTX [27] , which belongs to a class of cancer drugs known as alkylating agents) was chosen as the positive control. The results revealed that cecropin X (i.v.) significantly inhibited Lewis lung carcinoma 3LL (P < 0.01) in mice. At the dose range of 0.5 to 32 mg/ kg day, the inhibition rates ranged from 27.17 % to 54.34 %. No significant gross side effect was observed (Table 4) . 
Conclusions
As the biochemical mechanisms for antibacterial peptide-induced effect are gradually revealed [28] [29] [30] , scaled-up production of antibacterial peptides has become more urgently needed for further studies and clinical trials. In this paper, we constructed the expression vector pRC/ TNFα-cecropin X to effectively express the TNFα-cecropin X fusion protein by heat induction. Because this system requires no inducing agents such as IPTG, it is more economical and more environmental friendly. These merits will become more prominent in scaled-up operations. At the same time, our result sheds light on large-scale production of many promising families of antibacterial peptides.
The purity of cecropin X from batch fermentation was examined by RP-HPLC and the biological activity was estimated in the mouse Lewis lung carcinoma 3LL model. The major drawback is the relatively low recovery yield; only 100 mg cecropin X was purified from one-liter broth on average. More efficient purification techniques for cecropin X are under study to meet the demand of further clinical trials.
Materials and methods
Plasmid construction
Isolation and transformation of plasmid DNA were carried out as described before [31] . Restriction endonucleases and T4 DNA ligase were used according to the directions as recommended by the manufacturer (NEB). The plasmid pUC19/ cecropin X and pET11d/ TNFb were constructed previously [11] and used as template DNAs for PCR. The primers used to amplify the coding region of cecropin X were primer 1 (forward): 5'-CGGTCGACATGAGATGGAAAATCTTCAAG -3' (the SalI site was underlined and the additional start codon ATG were italicized) and primer 2 (reverse): 5'-CCGGATCCACTAGTTGATGGTAGC-3' (the BamHI site was underlined and the complementary sequences of stop codon were italicized). The primers for TNFα were primer 3 (forward): 5'-GCGAATTCATGGTTCGTTCTTCT -3' (the EcoRI site was underlined) and primer4 (reverse): 5'-CCGTCGACAGAGCGATAATACCG-3' (the SalI site was underlined). The recombinant plasmid, pRC/ TNFα-cecropin X was constructed by inserting the fragments of TNFα and cecropin X (amplified by PCR using above primers and digested with corresponding restriction endonucleases) between the EcoRI and BamHI sites on pRC vector [21] and transformed into E. coli Top 10. The transformants were confirmed by DNA sequencing.
Medium [31]
Isolatio Terrific Broth (TB medium), Luria Bertani medium (LB medium), SOB medium, and SOC medium were prepared according to the Table 1 . [31] E. coli strain Top 10 was used for subcloning and plasmid amplification. E. coli strains TG1, DH5α, 7118, BL21, BL21 (DE3) and MZ-1 were used as the expression hosts.
Strains
Expression of fusion protein
The pRC/ TNFα-cecropin X plasmid was transformed into E. coli cells. Transformants were grown in LB medium containing 50 µg/ml ampicillin (same concentration for all subsequent experiments) overnight at 200 rpm and 30 °C. The overnight culture was inoculated into fermentation medium at the ratio of 1 % under various culture conditions. Shifting the temperature to 42 °C induced protein expression. After induction for several hours, bacterial pellet was collected by centrifugation at 5000 g for 10 min at 4 °C. The drained pellet was stored at -80 °C or subjected to cell disruption. Harvested cellular pellet was re-suspended in 20 mM PBS buffer (pH 6.0) and lysed by sonication. The mixture was centrifuged at 9000 g at 4 °C for 30 min; soluble and insoluble fractions were collected respectively and analyzed by SDS-PAGE.
Expression of fusion protein in a 30 l fermentor and purification of cecropin X
Eight hundred milliliters of overnight seed culture was inoculated to 20 L TB medium in a 30 l fermentor (BIOF-2000, Shanghai Gaoji Co., China). During fermentation, dissolved oxygen concentration and pH value changed spontaneously. Protein expression was induced by shifting the temperature to 42 °C at the mid-phase of exponential growth. The broth was sampled at regular interval for various analyses. Fermentation broth was centrifuged at 5000 g for 10 min at 4 °C. Harvested cellular pellet was re-suspended in 20 mM PBS buffer (pH 6.0) and disrupted by two passages in a homogenizer (APV 1000, Denmark). Inclusion bodies were recovered by centrifugation (9000 g, 4 °C, 30 min) and washed sequentially with five different solutions: 20 mM PBS buffer (pH 6.0), 0.5 % NaCl, 2 % Triton, TE buffer (pH 8.0), 2 M Urea and deionized water. Inclusion bodies from 1 l broth were subsequently dissolved in solution A (6 M Urea in 1.0 M HCl) and treated with 100:1 molar excess of CNBr (cyanogen bromide, from Sigma) with respect to the fusion protein for 24 hours at room temperature in the dark. The reaction products were dialyzed against 80-fold 50 mM ammonium acetate (NH 4 Ac), pH 5.5 (solution B). The dialyzed sample was centrifuged at 10,000 g for 30 min, and the supernatant fraction was applied to a CM-cellulose column (3.6 × 20 ) equilibrated with solution B, at a flow rate of 1.0 ml/min. The column was washed with three bed volumes of solution B and bound proteins were eluted with a linear gradient of NH 4 Ac (0.05-0.75 M NH 4 Ac) at a flow rate of 2.0 ml/min. The absorbance was measured online with a UV monitor at 220 nm. The peak fractions were collected, analyzed by reverse-phase HPLC, and twice dialyzed against 40 volumes of Milli-Q water for 6 hrs. The dialyzed sample was then lyophilized and stored at 4 °C for further use.
SDS-PAGE and reverse-phase HPLC analysis
SDS-PAGE was performed under reducing conditions using 15 % polyacrylamide gels, and resolved proteins were visualized by staining with Coomassie Brilliant Blue R250. The images of gels were scanned with a UVP white/ultraviolet transilluminator and protein bands were quantified with Grab-it 2.5 and Gelwork software. An Integrated Agilent 1100 system (Agilent, USA) was used to evaluate the purity of cecropin X. Samples were loaded onto a Agilent Zorbax 300 Extend-C18 reverse HPLC column (4.6 × 150 mm, 5 µm particles) equilibrated with 0.1 % TFA in water and were eluted with a linear gradient of acetonitrile (20-60 %) in 0.1 % TFA within 35 min. The chromatograms were recorded by measuring light absorbance at 220 nm.
Assay of biological activity of cecropin X [32]
Mouse Lewis lung carcinoma 3LL model was established by injecting 2.4 × 10 6 3LL carcinoma cell suspension into virgin female mice (18-22 g ). One day after injection, the mice were separated blindly into two NS (normal saline) groups, four cecropin X application groups (i.v.) and one positive control group (i.p.CTX, Cyclophosphamide). The dose of cecropin X was from 0.5 to 32 mg/ kg day for 7 days. The mice were sacrificed and the tumors were weighed. Inhibitory rate was calculated by using the following formula: IR (%) = (average tumor weight of negative controls-average tumor weight of test mice) / average tumor weight of negative controls ×100
